The "dysconnectivity hypothesis" was proposed 20 years ago. It characterized schizophrenia as a disorder with dysfunctional connectivity across a large range of distributed brain areas. Resting-state functional magnetic resonance imaging (rsfMRI) data have supported this theory. Previous studies revealed that the amygdala might be responsible for the emotion regulation-related symptoms of schizophrenia. However, conventional methods oversimplified brain activities by assuming that it remained static throughout the entire scan duration, which may explain why inconsistent results have been reported for the same brain region.
Introduction
Schizophrenia is a complex and heterogeneous mental disorder that was recognized approximately 100 years ago. Revealing the underlying neurobiological mechanisms associated with schizophrenia is crucial for effective diagnosis and treatment 1 . The "dysconnectivity hypothesis" proposes that abnormal communication occurs across distributed brain areas and is crucial for the development of schizophrenia [2] [3] [4] . Magnetic resonance image (MRI) studies provided preliminary evidence of alterations in functional and anatomical brain connectivity in patients with schizophrenia, particularly in the fronto-temporal system 5 . The amygdala and prefrontal cortex (PFC) play critical roles in the fronto-temporal system. Both regions are involved in affect perception and emotional and cognitive processing [6] [7] [8] [9] . These functions are impaired in schizophrenia, underscoring the importance of examining the functional integrity of the amygdala and PFC.
Several neuroimaging studies have consistently reported smaller amygdala volumes and alterations of amygdala activity in patients with schizophrenia and their relatives. Imaging studies that analyzed structural data examined brain structures in high-risk offspring of schizophrenia patients and found that the volume of the left-amygdala was smaller in high-risk individuals 10 . Amygdala activation has also been assessed during emotion-related tasks. However, since the seminal study by Schneider and colleagues that reported under-recruitment of the amygdala following mood induction in schizophrenia, no consensus has yet been reached on this issue 11, 12 . Meta-analyses have shown that schizophrenia patients exhibit modest, albeit statistically significant, and decrease in amygdala recruitment in responses to aversive emotional stimuli 13, 14 . Other studies found that functional connectivity between the amygdala and frontal regions is disrupted in schizophrenia 15, 16 . The present study focused on functional connectivity between the amygdala and whole brain in patients with schizophrenia. Based on the emotion-regulation related symptoms and the specific role of amygdala, our hypothesis was that functional connectivity between the amygdala and PFC was disrupted in patients with schizophrenia.
Conventional approaches that are used to study functional connectivity have an
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important disadvantage, in which brain activity is assumed to be static throughout the entire duration of scanning. Considering the complexity of the human brain and the ever-changing environment, this assumption that brain activity remains static is an oversimplification, which may omit important information. Brain connectivity should be considered flexible in integrating and transformatting information, in which it varies over time when responding to an ever-changing environment. Emerging studies have attempted to capture the dynamic nature of functional connectivity 17, 18 . Several recent studies showed that the dynamics of connectivity can capture uncontrolled but relatively robust patterns of temporal features among networks [19] [20] [21] , which cannot be detected with static functional connectivity analyses.
One other promising approach to investigate variations in functional connectivity is sliding-time window correlation analysis 17, 22 . In this strategy, a time window with a fixed length is selected and used to calculate the functional connectivity metric. The window then slides by a fixed length to the next time window, which results in many functional connectivity metrics that can elucidate the temporal features of functional connectivity over the entire duration of the scan. Studies of major depression disorder, schizophrenia, and autism have revealed abnormal temporal attributes of functional connectivity [23] [24] [25] [26] [27] . The results have demonstrated that dynamic functional connectivity that is captured by the sliding time window method can facilitate the interpretation of communication across neural systems. Considering this emerging method and the inconsistent results of functional connectivity analyses between the amygdala and frontal brain areas, the present study investigated variations of functional connectivity, in addition to investigating the static functional connectivity between the amygdala and whole brain. Because of the unstable emotion regulation that is associated with schizophrenia, another hypothesis of the present study was that functional connectivity between the amygdala and PFC would present more variation and less stability in patients with schizophrenia.
Methods
Participants
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We assessed a total 67 subjects: 34 healthy controls and 33 schizophrenia patients. The groups were matched for age and sex (age: p = 0.303, t = 1.2031, df = 2; sex: p = 0.745, ² = 0.59, df = 2; Table 1 ). Diagnoses were based on detailed medical and psychiatric histories During data acquisition, the subjects were instructed to close their eyes, relax, and stay awake. All of the images were checked for artifacts, structural abnormalities, and pathologies by a qualified neuroradiologist.
Image preprocessing was performed using statistical parametric mapping (SPM8)
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software (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/). To allow for magnetization equilibrium, the first 20 volumes of the functional images were discarded. The preprocessing procedure included slice-timing correction and head-motion correction. Four patients with schizophrenia were excluded because of head motion (> 2.5 mm). Each fMRI scan was intensity-scaled to yield a whole-brain mean value of 10000. Temporal band-pass filtering (0.01 < f < 0.08 Hz) was then performed. This range was selected to remove high-frequency activity that is related to cardiac and respiratory activity and low-frequency activity with a period that exceeds the duration of sliding windows that are used in dynamic analyses 28, 29 .
The time series in white matter and cerebrospinal fluid and six affine motion parameters were also regressed from the data. The removal of linear and quadratic trends was also implemented. To obtain results at the group level, single-subject images were nonlinearly normalized to Montreal Neurological Institute (MNI) space using DARTEL in SPM8 and resampled to 3  3  3 mm³ cubic voxels. Finally, the data were spatially smoothed with a 6 mm full width at half-maximum (FWHM) Gaussian kernel.
Definition of regions of interest
Bilateral amygdala areas were selected as the regions of interest (ROIs). Amygdala
ROIs were determined using stereotaxic, probabilistic maps of cytoarchitectonic boundaries (Figure 1 ).
Static and dynamic functional connectivity
Voxel-wise seed-based functional connectivity analyses were performed using the 
Results
Broken functional connectivity between the amygdala and orbitofrontal cortex in schizophrenia patients
Our findings indicated that, consistent with our predictions, the connectivity between the left amygdala and orbitofrontal regions decreased in patients with schizophrenia (p < 0.01, corrected for AlphaSim; Figure 1B ). However, no significant correlation was found between broken amygdala-prefrontal connectivity and symptom severity or cognition task performance.
Greater temporal variability of connectivity between the left amygdala and medial prefrontal cortex in patients with schizophrenia
The dynamic functional connectivity analysis revealed greater variability of amygdala-PFC connectivity (p < 0.01, corrected for AlphaSim; Figure 1C, Figure 2 : data from one healthy control and one patient). The subsequent correlation analyses revealed that the
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variability of connectivity negatively correlated with cognitive performance on the digit symbol coding task (r = -0.39, p = 0.035; Figure 3A ) and marginally positively correlated with symptom severity (r = 0.37, p = 0.048; Figure 3B ).
- 
Discussion
The present study found evidence of fluctuations of communication between the amygdala and prefrontal areas in patients with schizophrenia. The results suggested that static connectivity between the amygdala and prefrontal regions was broken in patients with schizophrenia. We also found greater temporal variability of connectivity between the amygdala and prefrontal regions in patients with schizophrenia. The increase in variability was negatively correlated with cognitive performance and positively correlated with symptom severity.
Static functional connectivity was also assessed in the present study. The results showed that connectivity between the amygdala and orbitofrontal cortex was disrupted in schizophrenia patients, which is consistent with previous studies. As a critical social skill, the emotion regulation is impaired in schizophrenia patients, especially the affective information processing ability. The role of the amygdala in emotion processing has also been well established. Abnormalities of brain circuits that involve the amygdala have been repeatedly reported in schizophrenia patients 16, 32 . Previous studies found increases in dopamine in the amygdala in the left hemisphere in patients with schizophrenia, and neurochemical evidences also indicated that schizophrenia was related to left hemisphere dysfunction 33, 34 . The disruption of functional connectivity between the orbitofrontal cortex and left amygdala is consistent with the supposition that dopamine abnormalities in the amygdala present lateral asymmetry in schizophrenia. A recent study suggested that functional connectivity between
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the amygdala and bilateral orbitofrontal cortices, bilateral precuneus, bilateral dorsolateral frontal cortices, and right insula is abnormal in schizophrenia patients 35 . Voxel-wise functional connectivity analyses revealed a decrease in connectivity between the amygdala and PFC, which is consistent with the static results of the present study. A significant negative linear relationship was found between symptoms and amygdala-orbitofrontal cortex connectivity across subjects 36 . However, in the present study, our correlation analysis did not detect a relationship between abnormal static amygdala-PFC connectivity and symptom severity 37 . A structural diffusion tensor imaging study suggested that the loss of structural integrity of prefrontal pathways could lead to dysregulation in limbic regions in schizophrenia 38 . Such patterns of disruption have also been reported in animal models 39 . Structural analyses and resting-state functional connectivity studies also revealed that the strength of amygdala-PFC connectivity was negatively correlated with self-rated aggression 15 . The impairments of amygdala-frontal functional connectivity that were found in the present study may reflect the disruption of top-down regulation. Patients with schizophrenia are emotionally responsive, particularly to stressful or negative stimuli, and such sensitivity may cause vulnerability to symptoms or to the disease itself. However, the present study did not detect any correlations between amygdala-OFC connectivity and symptom severity.
Quantifying fluctuations of functional connectivity metrics over time has been proposed to provide greater insights into the fundamental properties of brain networks. This measure of average connectivity through whole scan duration might not be sufficient to characterize dynamic changes in functional connectivity that are thought to be critical for integrating emotional and cognitive processing 17, 40 . The present study found greater temporal variability of the amygdala-mPFC in patients with schizophrenia, which is consistent with a previous study that performed independent component analysis and found significantly more fluctuations between the frontoparietal, cerebellar, and temporal lobe regions in schizophrenia patients 41 . Furthermore, the follow-up analysis revealed a negative correlation between temporal variability of amygdala-mPFC functional connectivity and cognitive performance on the digit symbol coding task. The digit symbol coding task reflects basic
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information processing ability, which has been reported to be impaired in patients with schizophrenia 42, 43 . The mPFC is critically related to higher cognitive functions, and abnormal amygdala-mPFC connectivity might lead to impairments of information integration. The present results may complement the results of static amygdala-mPFC connectivity. A positive correlation was found between the variability of functional connectivity and symptom severity, and such a correlation was not found in the static analysis. The decrease in amygdala-mPFC connectivity may lead to greater emotional responses and thus greater vulnerability to the disease. Additionally, the greater variability reduced the stability of amygdala-PFC connectivity.
Limitations
The present study has a few limitations. We employed a cross-sectional design rather than a longitudinal design, so the relationship between the course of the disease and functional connectivity could not be determined. We also did not examine possible correlations between antipsychotic medication dose/gender and the identified brain features, but the influence of medications on imaging measures has been previously reported 44 .
Conclusions
The present study investigated dynamic attributes of functional connectivity in patients with schizophrenia, providing insights into the temporal stability of neural communication. 
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PANSS, Positive and Negative Symptom Scale. 
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Highlight 1. FC between the amygdala and orbitofrontal region is impaired in patients with SZ.
2. The variability of FC between amygdala and MPFC was enhanced in patients with SZ.
3. Positive correlation was found between the variability of FC and symptom severity. 
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